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Abstract Shear-wave splitting measurements from SKS and SKKS phases show
fast polarization azimuths that are subparallel to North American absolute plate
motion within the central Rio Grande Rift (RGR) and Colorado Plateau (CP) through
to the western rim of the CP, with anisotropy beneath the CP and central RGR showing
a remarkably consistent pattern with a mean fast azimuth of 40° 6° E of N.
Approaching the rim from the southeast, fast anisotropic directions become north-
northeast–south-southwest (NNE-SSW), rotate counter clockwise to north–south in
the CP-GB transition, and then to NNW-SSE in the western Great Basin (GB). This
change is coincident with uppermost mantle S-wave velocity perturbations that vary
from 4% beneath the western CP and the eastern edge of the Marysvale volcanic
field to about 8% beneath the GB. Corresponding delay times average 1.5 sec be-
neath the central CP, decrease to approximately 0.8 sec near the CP-GB transition, and
increase to about 1.2 sec beneath the GB. For the central CP, we suggest anisotropy
predominantly controlled by North American plate motion above the asthenosphere.
The observed pattern of westward-rotating anisotropy from the western CP through
the CP-GB transition may be influenced to asthenospheric flow around a CP litho-
spheric keel and/or by vertical flow arising from edge-driven small-scale convection.
The anisotropic transition from the CP to the GB thus marks a first-order change from
absolute plate motion dominated lithosphere-asthenosphere shear to a new regime
controlled by regional flow processes. The NNW-SSE anisotropic fast directions of
split SKS waves in the eastern GB area are part of a broad circular pattern of seismic
anisotropic fast direction in the central GB that has recently been hypothesized to be
due to toroidal flow around the sinking Juan de Fuca–Gorda slab.
Online Material: SKS and SKKS splitting results from LA RISTRA 1.5.
Introduction
LA RISTRA (Colorado Plateau Rio Grande Rift/Great
Plains Seismic Transect) is a seismological exploration of the
crust and mantle using two temporary deployments (LR1 and
LR1.5) of broadband linear arrays to study the Great Plains
(GP), Rio Grande Rift (RGR), Colorado Plateau (CP), and the
western Great Basin (GB) (Fig. 1). LR1 extends from west
Texas to Lake Powell and LR1.5 extends from Lake Powell to
western Utah. The combined length of the entire transect is
1278 km. This part of the southwestern United States was
formed by a series of continent building events in which Pro-
terozoic island and continental arcs, oceanic plateaus, and
marginal basins were accreted to North America (NA) from
northwest to southeast, culminating in the formation of the
Rodinia supercontinent (e.g., Condie, 1982; Karlstrom et al.,
1999, 2001). The bulk of the CP lies within two major Pro-
terozoic terranes, the Mazatzal and Yavapai (Magnani et al.,
2004) (Fig. 1). The western margin of Rodinia is proposed to
have rifted away from the continent at about 650 Ma (e.g.,
Karlstrom et al., 1999), forming the present-day western edge
of cratonic North America, and marine Paleozoic and Meso-
zoic units deposited on the CP indicate that it was at or near sea
level for the next ∼500 Ma (Spencer, 1996). The northwes-
tern, western, and southwestern edges of the CP experienced
intense thrust faulting during the Sevier orogeny beginning in
the late Jurassic or earliest Cretaceous.
After this period of stability and deposition, the north-
western, western, and southwestern edges of the CP experi-
enced intense Sevier orogeny thrust faulting beginning in the
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latest Jurassic or earliest Cretaceous (∼150 Ma), reaching its
peak during the late Cretaceous (∼75 Ma) (Willis, 1999).
The culmination of thrust faulting resulted in upper crustal
thickening of ∼16 km, producing crust that was >50 km
thick and with elevations most likely greater than 3 km.
Much of the western margin of the CP at this time may have
been a high-elevation plateau with a rugged topographic
front similar to the central Andean fold-and-thrust belt
(DeCelles and Coogan, 2006)
During the Laramide (80–50 Ma) orogeny, the region
underwent further compression as the Farallon slab was sub-
ducting along the North American west coast, with crustal
deformation characterized by fault-bounded, basement-cored
uplifts with an estimated mean lateral contraction of 5%
(Spencer, 1996). During this period, the Farallon slab prob-
ably subducted at a low angle (e.g., Dickinson and Snyder,
1978). Between approximately 43 to 20 Ma, the flattened
Farallon slab likely detached, and the accompanying mantle
upwelling, coupled with lithosphere-scale hydration of the
uppermost mantle, may have been the controlling factor for
the space-time evolution of massive (ignimbrite flare-up)
mid-Tertiary igneous activity (e.g., Humphreys, 1995). In
stark contrast to the surrounding region, the central CP ex-
perienced low levels of magmatism. CP mantle xenoliths
suggest that at the time of eruption (30–20 Ma) the CP
was characterized by a lithospheric root analogous to those
beneath cratons (Roden and Shimizu, 1993). This root ex-
tended to depths of approximately 140 km at the time of xe-
nolith transport (Riter and Smith, 1996) and persists today, as
indicated by recent surface- and body-wave tomography re-
sults (Gao et al., 2004; West et al., 2004; Sine, 2007; Sine
et al., 2008) that show high-velocity lithosphere beneath the
CP to 140–160-km depth. Since the foundering of the Far-
allon plate, upwelling hot asthenosphere and regional exten-
sion have initiated rifting of the RGR and collapse of the
Basin and Range province, and subsequent small-scale con-
vection in the upper mantle has thickened the lithosphere on
the edges of the CP (Gao et al., 2004; West et al., 2004; As-
ter, et al., 2007; Sine, 2007; Sine et al., 2008). Over the last
10 Ma, the CP has become a distinct tectonic province,
remaining a high plateau with its western, eastern, and south-
ern margin uplifted by buoyant mantle and dynamically sup-
ported by an upwelling flow from edge-driven small-scale
convection (Aster, et al., 2007; Ni et al., 2007).
Mantle deformation, and its role in continental dynam-
ics, has been widely investigated from measurements of seis-
mic anisotropy (e.g. Savage and Silver, 1993; Savage, 1999).
Strain-induced orientation of dry anisotropic mantle miner-
Figure 1. Mean fast direction and delay time estimates from SKS and SKKS measurements in from LR1 and LR1.5. Named physio-
graphic provinces are Great Plains (GP), Rio Grande Rift (RGR), Colorado Plateau (CP), and Great Basin (GB). Approximate CP inner and
outer margins are shown by the gray contours. Gray lines are state boundaries. The arrow indicates absolute plate motion (241.5°) of the NA
plate in hot spot reference frame HS2-NUVEL-1A (Gripp and Gordon, 1990; Demets et al., 1994). Proterozoic accretionary terranes are
indicated with ages. Representative seismicity is concentrated at the edges of the CP (U.S. Geological Survey [USGS] Preliminary Deter-
mination of Epicenters catalog, 1973–2007).
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als, such as olivine, produces latticed preferred orientation
seismic anisotropy through the alignment of the fast olivine
[100] axis with the maximum elongation direction of the
strain ellipsoid. This maximum finite strain direction is gen-
erally parallel to the shear flow direction, and hence, aniso-
tropy parameters are often used to infer mantle flow. Splitting
measurements from SKS and SKKS core phases provide ex-
cellent lateral resolution (but poor vertical resolution), allow-
ing direct comparison between anisotropy, geologic terrains,
and features imaged from tomography. Teleseismically ob-
served anisotropy is typically attributed to the asthenosphere,
the lithospheric mantle, or both, with crustal contributions
thought to be significant only at higher frequencies. Astheno-
spheric effects likely arise due to plate-motion-controlled
and/or localized flow. Localized asthenospheric flow on the
edges of the CP may arise from edge-driven small-scale con-
vection induced by large lateral temperature differences be-
tween the hot asthenosphere beneath the GB and RGR and the
cold CP lithospheric mantle (Ni et al., 2007; Sine et al.,
2008). Flow around and below the CP as the NA plate moves
southwestward in the absolute plate motion reference frame
at approximately 2:4 cm=yr (Fig. 1) (e.g., Gripp and Gordon,
1990) may significantly affect the anisotropic properties of
the mantle in this region. Strain fabrics within the lithosphere
likely reflect the cumulative history of deformation of the NA
lithosphere, including assembly of Protoerozoic accreted
terrains and the late Mesozoic Laramide orogeny.
Western NA displays highly heterogeneous anisotropic
mantle structure, which has been found to be generally char-
acteristic of continental interiors and is generally attributed to
a variety of lithospheric and asthenospheric causes reflecting
both inherited and active components (e.g., Fouch et al.,
2000; Fouch and Rondenay, 2006). Little shear-wave split-
ting is observed for seismic recordings in the northern CP
extending into northern Colorado, where upwelling astheno-
sphere and resultant vertical olivine a-axes alignment could
be responsible. In the central GB, there is a circular pattern of
anisotropic fast polarization direction of split SKS waves
(Sheehan et al., 1997; Savage and Sheehan, 2000; Zandt
and Humphreys, 2008). This pattern cannot be attributed
to either preexisting lithospheric finite strain or to astheno-
spheric strain related to NA plate motion. Zandt and Hum-
phreys (2008) have recently suggested that mantle flow
around the edge of the descending Juan de Fuca slab is re-
sponsible. Silver and Holt (2002) infer an eastward astheno-
spheric flow of ∼6:0 cm=yr in southwestern NA from seismic
anisotropy observations and motion of the NA plate. Plate-
controlled asthenospheric flow alone would produce an an-
isotropic direction subparallel to the absolute plate motion. A
remarkably consistent pattern of seismic anisotropy with a
mean fast direction of 40° 6°, which is roughly parallel
to plate motion, was noted by Gok et al. (2003) for LR1 data
spanning the RGR and extending to near the center of the CP
(Gok et al., 2003). In the southern RGR and west Texas, a
nearly north–south fast direction from split SKS phases is
observed, where mantle flow may be affected by regional
rift-parallel asthenospheric currents (Sandvol et al., 1992;
Gok et al., 2003), asthenospheric flows between the GP
and CP lithospheric roots, and/or fabric effects in the thicker
lithosphere of the Great Plains. A dramatic change from the
predominant northeast-trending fast directions (e.g., as mea-
sured from LR1 and LR1.5 SKS data in the central CP) to a
north–south oriented fast direction in the CP-GB transition
was first recognized from data recorded at both permanent
and temporary CP-GB stations (Sheehan et al., 1997; Savage
and Sheehan, 2000). The details of this transition have been
especially densely sampled and are reported on here using
LR1.5 data.
Data and Methods
LR1.5 consisted of 18 densely spaced, continuously re-
cording (20 Hz) broadband stations that extended LR1 and
reoccupied two LR1 sites to facilitate tomographic and
general integration. The sensors consisted of 10 Guralp
CMG-3T, two Guralp CMG-3ESP, and six Nanometrics Tril-
lium 40 seismometers. The LR1.5 stations were deployed
between June 2004 and June 2006 and recorded over
140 teleseismic events with mb > 6:0 from the useful
SKS distance range of 86° to 135°. Detailed instrument
and other deployment information can be found in Sine
(2007). High signal-to-noise SKS and SKKS core phases
from about 13 events were used in this study. Most high qual-
ity core phases were from western Pacific earthquakes (back
azimuths between 230° and 310°).
Under the assumption of single-layer anisotropy with a
vertical symmetry axis, the splitting delay is simply propor-
tional to the thickness of the anisotropic layer and the strength
of anisotropy. More complicated anisotropy can only be re-
solved using data from a wide range of back azimuths, a
situation that is generally only available at permanent stations
with much longer recording durations. Splitting parameters at
arrays of closely spaced stations, as here, provide good lateral
resolution, but only indirect information about the depth of
anisotropy. We applied the grid search method of Silver and
Chan (1991) to determine fast azimuth and delay time. We
used analysis windows beginning ∼10 sec before the core
phase arrival and ending immediately after one period of
the phase and analyzed each phase that displayed the ellip-
tical horizontal particle motion indicative of shear-wave split-
ting. After determining parameters that minimized tangential
component energy, we checked to ensure that corrected seis-
mograms had approximately linear particle motion. Null
measurements, in which no splitting is inferred (Savage
and Sheehan, 2000), are here defined as being when the fast
direction is within 15° of being parallel or perpendicular to
the event back azimuth and/or if the estimated delay time is
less than 0.4 sec.
The error analysis utilizes the inverse F-test, as imple-
mented by Silver and Chan (1991). The test is performed for
each set of possible parameters to determine whether or not
the shear-wave splitting parameters are within the bounds of
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a 95% confidence region. Only seismograms with variance
reduction contours exhibiting clear minima were selected
as reliable determiners of splitting parameters. We further
obtained error estimates using the bootstrap technique of
Sandvol and Hearn (1994) with compatible results.
Results
Analysis of SKS and SKKS phases yielded 60 sets
of shear-wave splitting measurements (Fig. 1; see also Ⓔ
Table 1 in the electronic edition of BSSA). Fast direction and
delay time estimates have typical 95% confidence intervals
of12° and0:4 sec, respectively. Fast direction estimates
with errors exceeding 23° or delay time errors larger than 60%
of the corresponding delay time estimate were discarded.
LR1 stations located in the interior of the CP show an
average fast direction of about 54° east of north and an average
delay time of 1.2 sec. LR1.5 results show that fast directions in
the west-central CP (stations UT53–UT57) are oriented from
45°to60°andthatdelaytimesrangefromabout1.2secnearLake
Powell to 0.8 sec in Capital ReefNational Park (Figs. 1 and 2).
Stations located in the CP-GB transition (UT59–UT67) show
coherent fast directions that trend from about 16° to 1° and
smaller delay times (Figs. 1 and2) of less than∼0:8 sec.These
transitionfastdirectionsareapproximatelyparalleltotheCPand
Figure 2. Topographic transect along LA RISTRA (a) and shear-wave splitting fast azimuths (b) and delay times (c). Error bars on
anisotropic parameters represent 95% confidence intervals. Black dashed lines represent fast directions and delay times are five-point
(∼100 km) error-weighted running averages. The blue and red dashed lines in (c) are averaged P- and S-wave velocity anomalies
(d) for 0–150-km depth. Note the general anticorrelation between seismic velocity and delay time in (b), excluding the CP-GB transition
zone and eastern GB. This suggests that the thin lithosphere underlying the RGR is more susceptible to anisotropic orientation processes over
a greater depth extent than areas of thicker lithosphere in the adjacent GP and CP, but that rift processes do not substantially affect the
anisotropic alignment. S-wave velocity model for the upper mantle in (d) is after Sine et al. (2008) and was estimated relative to the Inter-




directions of about25° and delay times increasing to greater
than 1.1 sec. Together, these fast directions show a very sig-
nificant change in mantle anisotropy between the CP and GB,
mostnotablyreflectedinawestwardrotationassamplingmoves
westward through the transition.
Within the center of the CP (the four-corners region
where New Mexico, Colorado, Utah, and Arizona meet), the
fast direction averages about 40° with a delay time of about
1.0 sec (Gok et al., 2003). In the region of the Laramide/post-
Laramide Chuska Mountains (Cather et al., 2008) near the
Arizona–New Mexico border, fast directions rotate north-
ward and trend from 20° to 30° with a relatively small delay
time near 0.8 sec (Fig. 1). For these few stations, we also
noted small variations in fast directions and delay times from
events with slightly different back azimuths, consistent with
more complex anisotropy (Silver and Savage, 1994). How-
ever, because we lacked the back-azimuth coverage to further
constrain these features of the data, this variation is reflected
in our reported errors, as estimated using the single-layer
model assumption.
Discussion
Within the CP, the averaged fast directions of the split
SKS and SKKS phases are subparallel (within 15°) of abso-
lute NA plate motion (Gripp and Gordon, 1990). Savage and
Sheehan (2000) suggested that shear-wave fast direction
variations might be controlled by asthenospheric eddy for-
mation or upwelling. We suggest that the principal contribu-
tion to seismic anisotropy across this transition arises from
primarily horizontal shear strain generated by Couette flow of
the asthenosphere beneath the overriding NA lithosphere. A
detailed examination shows local variations of seismic an-
isotropy in the four-corners region and in the easternmost CP,
such as the aforementioned rotation in the vicinity of the
Chuska Mountains. Such variations suggest a component of
anisotropic contribution from the lithosphere where accumu-
lated finite strain in various parts of the lithosphere is frozen
into the mantle lid from past tectonic events such as Protero-
zoic accretion and the Laramide orogeny (Gok et al., 2003).
In the central RGR, the fast directions are approximately
northeast–southwest oriented and generally subparallel to
absolute NA plate motion. The anisotropy for stations in the
central RGR is similar to that beneath the long-operational
Global Seismographic Network station ANMO (Albuquer-
que, New Mexico), where SKS data are well fit by a single-
layer model (Vinnik et al., 1992). Because fast directions in
the adjacent CP and GP regions are similar to those beneath
the RGR, the large uppermost mantle velocity variations be-
neath this part of the rift (Gao et al., 2004) have surprisingly
little effect on the orientation of seismic anisotropy. How-
ever, the warmer and less viscous asthenospheric mantle be-
neath the RGR should accumulate larger shear strain, which
provides an explanation for the observed association of a
general increase in larger delay time with decreased litho-
spheric thickness crossing the rift (Fig. 2).
LA RISTRA anisotropy measurements show a strong
anticorrelation between average lithosphere/asthenosphere-
scale seismic velocities found from tomography (Gao et al.,
2004; Sine et al., 2008) and anisotropy delay times over
much of the transect (Fig. 2). The observed anticorrelation
between delay times and velocity beneath the CP, GP, and
RGR is consistent with global shear-wave splitting obser-
vations that higher levels of anisotropy exist in the warmer/
seismically slower portions of the asthenosphere (e.g., Sav-
age and Sheehan, 2000; Gok et al., 2003). However, this
anticorrelation between delay time and S-wave velocity
breaks down in the western CP-GB transition region. We
hypothesize that this is the effect of edge-driven small-scale
convection along this transition. Stations with small delay
times of ∼0:8 sec are located above the high-velocity re-
gions just inside the CP and beneath the western edge of
the GP (Fig. 2). These high-velocity regions suggest zones
of lithospheric downwelling associated with edge-driven
small-scale convection along the GP-CP and RGR-CP transi-
tions (Aster, et al., 2007). These smaller delay times suggest
that anisotropic fast axes are dipping in these suspected man-
tle downwelling regions due to vertical flow.
A major change of fast direction from ∼54° in central CP,
subparallel to the NA plate motion, to NNE-SSW occurs near
the Cenozoic Marysvale volcanic field (Steven et al., 1984)
in the westernmost CP (near station UT59 at 37.98° N and
111.20° W; Figs. 1 and 2). This direction is approximately
parallel to the local strike of the CP-GB transition. At upper
mantle depths (less than approximately 400 km), this change
corresponds to the presence of very low S-wave velocity
mantle (Sine et al., 2008) (Fig. 2). Magnetotelluric study
of this region also shows very low mantle resistivity beneath
this region at depths below 100 km (Wannamaker et al.,
2001). The CP-GB transition occurs near the Neoproterozoic-
rifted margin of Rodinia and is characterized by gradually
thinning crust from approximately 40 to 35 km thick travel-
ing east to west (Fig. 2; Aster et al., 2007) when compared to
the ∼46–48-km-thick crust beneath the central CP. Gravity
and topography modeling (Wilson et al., 2005) combined
with a receiver function study of CP-GB transition near
37° north (Zandt et al., 1995) suggests a thin mantle lid in
the transition zone compared to the central CP and the GB.
One possibility is that the CP rim-parallel anisotropy in this
region is the bow effect result of plowing of the CP mantle
lithospheric root through the asthenosphere. This interpreta-
tion is consistent with a model proposed by Savage and
Sheehan (2000) and with mantle flow around the continental
keel explaining anisotropy measurements in large parts of
eastern NA (Fouch et al., 2000). Because we do not yet know
the three-dimensional details of lithosphere thickness be-
neath the CP and GB in sufficient detail, it is premature to
further evaluate detailed asthenospheric flow. However,
future research in the region utilizing three-dimensional
imaging capabilities,most notablyusingEarthScopeUSArray
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and other data currently being, or planned to be, collected,
should facilitate much better constrained three-dimensional
lithospheric-asthenospheric deformational models.
The fast direction of split SKS waves rotates notably
westward and away from the NA plate motion direction for
stations at the westernmost end of LR1.5, which are firmly in
the eastern GB province. The NNE-SSW anisotropic fast axes
are part of a remarkable circular pattern first noted by Shee-
han et al. (1997) and Savage and Sheehan (2000). Given that
the GB is a region of very thin lithosphere (e.g., Wannamaker
et al., 2008), underlying uppermost asthenospheric flow is
likely responsible for this change. A plume origin for GB
azimuthal anisotropy was hypothesized by Savage and Shee-
han (2000), but subsequent geophysical and geochemical
evidence has been lacking (e.g., Zandt and Humphreys,
2008). Mantle flow around the edge of the Gorda–Juan de
Fuca slab has most recently been proposed to account for
the observed circular fast anisotropy pattern in the central
GB (Sheehan et al., 1997; Badger et al., 2007; Zandt and
Humphreys, 2008).
Conclusions
Shear-wave anisotropic fast directions in the central CP
are subparallel to the absolute plate motion of NA. Local
variations of fast direction within the CP suggest that a com-
ponent of lithospheric anisotropy must exist, particularly in
the central CP regions where thick lithosphere is present. The
overall pattern of fast directions and their association with
absolute plate motion is broadly consistent with shearing be-
tween overriding NA lithosphere and asthenosphere, despite
the traversal of the RGR province. Within the RGR province,
delay times increase but fast direction is unaltered, suggest-
ing a greater thickness and/or greater degree of strained
asthenospheric mantle, but showing no evidence for lateral
perturbations in mantle strain due to RGR-centered convec-
tion or other localized effects. This pattern across the RGR
also supports the contention that lithospheric fabric has a
second-order effect on anisotropy in the transitional prov-
inces bridging dormant and active tectonics between the
Great Plains and the Great Basin. Anisotropic delay times
are reduced along the edge of the CP where mantle down-
wellings have recently been hypothesized. Exiting the CP to
the west, the fast direction rotates smoothly toward north–
south, and then NNW-SSE orientations, for stations in the
western GB. This westward rotation in seismic anisotropic
fast direction marks a profound transition from a Couette
(channel) flow regime (e.g., Podolefsky et al., 2004) domi-
nated by anisotropy controlled by absolute NA plate motion
to one dominated by regional mantle flow arising from other
processes.
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